Background: Most stroke recovery occurs by 90 days after onset, with proportional recovery models showing an achievement of about 70% of the maximal remaining recovery. Little is known about recovery during the acute stroke period. Moreover, data are described for groups, not for individuals. In this observational cohort study, we describe for the first time the daily changes of acute stroke patients with motor and/or language deficits over the first week after stroke onset. Methods: Patients were enrolled within 24-72 h after stroke onset with upper extremity hemiparesis, aphasia, or both, and were tested daily until day 7 or discharge with the upper-extremity Fugl-Meyer Assessment of Motor Recovery after Stroke, the Boston Naming Test, and the comprehension domain from the Western Aphasia Battery. Discharge scores, and absolute and proportional changes were examined using t-tests for pairwise comparisons and linear regression to determine relative contributions of initial impairment, lesion volume, and age to recovery over this period. Results: Thirty-four patients were enrolled: 19 had motor deficits alone, 8 had aphasia alone, and 7 had motor and language deficits. In a group analysis, statistically significant changes in absolute scores were found in the motor (p < 0.001) and comprehension (p < 0.001) domains but not in naming. Day-by-day recovery curves for individual patients displayed wide variation with comparable initial impairment. Proportional recovery calculations revealed that, on average, patients achieved less than 1/3 of their potential recovery by the time of discharge. Multivariate regression showed that the amount of variance accounted for by initial severity, age, and lesion volume in this early time period was not significant for motor or language domains. Conclusions: Over the first week after stroke onset, recovery of upper extremity hemiparesis and aphasia were not predictable on the basis of initial impairment, lesion volume, or age. In addition, patients only achieved about 1/3 of their remaining possible recovery based on the anticipated 70% proportion found at 90 days. These findings suggest that the complex interaction between poststroke structural repair, regeneration, and functional reorganization during the first week after stroke has yet to be elucidated.
Introduction
Previous studies of motor and language function after stroke have suggested that most recovery takes place by 90 days after stroke onset and that initial impairment correlates highly with final outcome over this period [1, 2] . Analytic limitations in correlating initial with later function lie in the ceiling effect among those with mild initial impairment and the greater room for improvement among those with severe deficits, making comparisons across different degrees of initial impairment difficult. A more recent model of recovery was introduced to normalize comparisons by determining the ratio of the initial score on an impairment test (e.g. hemiparesis) to the difference between the highest possible (maximal) score and the initial impairment score; this difference was operationally defined as 'potential recovery'. Near-maximum scores on these measures are typically achieved in nonpathological circumstances.
We and others have shown that patients with mild to moderate aphasia or upperextremity weakness consistently regained about 70% of the maximal possible recovery in the first 3 months after stroke onset [3] [4] [5] . Other investigators showed the same proportion of recovery after 4 months [6] and, in a larger cohort, 78% proportional recovery at 6 months [7] . Within this framework, however, the recovery during early periods after ictus, especially during the first week after stroke, has remained less clear. Physiological studies comparing function within hours after stroke onset and again at 3 days found that clinical improvement correlated with restoration of flow within the ischemic penumbra [8, 9] . There is otherwise little known about the evolution of deficits during the remaining course of the acute stroke admission. The purpose of this study was to examine motor and language recovery during the first week after stroke, examining the trajectory of recovery at the group level and for individuals. We also wanted to determine the extent to which the traditional predictive factors of initial syndrome severity, lesion volume, and age accounted for recovery in language and motor function during this period. The clinical relevance is the extent to which discharge levels of function are predictable by initial levels of function and risk factors in two common stroke-related impairments and how much of the expected 90-day recovery is actually achieved during this early period.
Methods
Patients aged ≥ 18 years admitted to the Columbia University Medical Center (CUMC) Stroke Service were screened for eligibility and enrolled if they demonstrated upper-extremity motor weakness, aphasia, or both (see criteria below). They had to have positive magnetic resonance imaging (MRI) images for infarct (usually diffusion-weighted imaging; DWI), had to be enrolled ≤ 72 h from stroke onset, and had to be an inpatient for at least 3 daily follow-up assessments. Prior stroke was permitted if it occurred in a different vascular territory. Patients were excluded if the clinical examination revealed plegia or global aphasia, impairment of consciousness, prior vision, hearing or movement disability, or other preexisting neurological and psychiatric conditions affecting motor and language function. For the aphasic cohort, only English-speaking patients were included. The CUMC Institutional Review Board approved this study, and informed/surrogate consent was obtained before participation.
Patients with clinical motor deficits received the upper-extremity Fugl-Meyer Assessment of Motor Recovery after Stroke (FM) for testing motor impairment [10] . Aphasic patients were administered the comprehension subtest of the Western Aphasia Battery (WAB) and a 15-item form of the Boston Naming Test (BNT) with 1 of 4 comparable versions randomly given on each day [11] [12] [13] . The FM, WAB, and BNT were chosen because of their standardization, well-regarded psychometric properties, high interobserver reliability, as well as because of their extensive use in stroke [14, 15] . Based on published normative data for thresholds of impairment, we only studied patients with an initial FM score <60, comprehension score <180, and BNT score <13 on the initial study evaluation. Administrators were trained by senior investigators with experience administering the tests. We report here the results of the FM (maximum score = 66), comprehension (maximum score = 200), and naming tests (maximum score = 15). Those administering the tests were not aware of the study hypotheses at the time of data collection. Patients were largely tested daily by the same individual up to 7 days after stroke or until discharge, whichever came first; we added 2 days to the allowable length of stay (5 days) for uncomplicated ischemic stroke under Medicare in the US. Days after stroke onset were defined as follows: day 1 was on the actual day following stroke onset but no sooner than 24 h after onset; each day thereafter was defined as the next actual day but no sooner than 24 h from the previous day. Every attempt was made to evaluate patients at roughly the same time each day, including weekends. Lesion volume, derived from the latest DWI images in nearly every case to capture final infarct volume, was calculated with MIPAV (Medical Image Processing, Analysis, and Visualization) software from the US National Institutes of Health (http://mipav.cit.nih.gov).
Using t-tests, we compared the mean absolute changes between baseline scores and the last day of evaluation for motor function, naming, and comprehension, respectively, and calculated the proportion of achieved recovery, defined as (score discharge -score initial )/ (score maximum -score initial ) [3, 4] , for the whole group. We then examined changes for individual patients. Pearson correlations and multivariate analyses examined the relative contributions of predictive factors of the initial syndrome to the proportion of the potential recovery achieved by patient groups at discharge. Because these measurements were part of a firsttime natural history study for which we had no preexisting hypotheses about the trajectories of recovery, sample sizes could not be calculated.
Results
From October 2010 to May 2012, 60 patients were screened and 34 patients were enrolled, of whom 19 had motor deficits alone, 8 had aphasia alone, and 7 had motor and language deficits ( table 1 ). Reasons for exclusion after screening included inability to obtain consent; impaired vision, severe hearing loss, and impaired movement unrelated to the index stroke; global aphasia, psychiatric disorder, and insufficient English-speaking background with aphasia. Thirty-three had first-time stroke. Seven patients were treated acutely with intravenous recombinant tissue plasminogen activator, and one had intra-arterial injection of recombinant tissue plasminogen activator followed by clot retraction. Patients were otherwise treated with standard thrombotic therapy; to our knowledge, none were enrolled in a stroke treatment trial. There were 23 strokes in the left hemisphere and 11 in the right hemisphere, of which 9 were cortical strokes, 13 subcortical strokes, and 12 with mixed cortical and subcortical events. The mean age was 69 years (range 21-99), and 66% of patients were women. The mean time of the baseline examination from stroke onset was 2.48 days (SD = 0.67), 94% of the patients with hemiparesis received some physical or occupational therapy, and 13% of the patients with aphasia received some speech-language intervention.
The mean FM score at baseline was 25.7 (SD = 19.9), and the mean FM score on the last day of assessment was 36.2 (SD = 22.13), a difference that was statistically significant (p < 0.001). Figure 1 a shows that the group mean increased every day. Figure 1 b shows that the initial mean BNT score was 5.37 (SD = 1.4), which was unchanged over the hospital stay. The mean for day 7 shows deterioration, although this may be misleading because 3 patients who had made good recoveries (>12/15) were discharged on day 6. The mean comprehension scores are depicted in figure 1 c. The mean score at baseline was 81.1 (SD = 63.8), and by the last day of assessment, the score was 107.6 (SD = 75.60), which was a statistically significant improvement (p < 0.001) even with the day 7 score decrease due to the poorer scores of those remaining until day 7.
To address proportional recovery and interindividual recovery patterns in motor function, we first plotted day-by-day recovery curves for individual patients, dividing them by severe (FM = 0-22), moderate (FM = 23-44), or mild (FM = 45-60) deficit at baseline ( fig. 2 a, b and c, respectively) .
Note that only 6 patients were seen on poststroke day 1, and 6 patients on day 7. The data show that among the severely affected group, some patients had substantial improvement (e.g. FM scores from 13 at baseline to 47 at discharge), while some patients made no recovery at all. In contrast, every patient in the moderate group improved to some degree. In the mild group, 2 patients made virtually complete recoveries, while 3 appeared to make little recovery. The proportional recovery was 0.17 for the individuals with severe initial impairment, 0.53 for those with moderate initial impairment, and 0.17 for those with mild initial impairment. Using 60/66 as a threshold recovery, among all patients with hemiparesis, 4/26 achieved an absolute level of function that would have precluded their eligibility for this study at baseline, one each from the mild, moderate, and severe hemiparetic groups, respectively. Figure 3 a displays the daily recovery on the BNT and comprehension scale from the WAB ( fig. 3 b) . Five patients scored 0/15 at baseline on the BNT and never improved during the course of their admission. Of the remaining group, there was a patient who scored 11/15 on naming on day 1 and fully recovered by day 3. Conversely, another patient scored 10/15 on day 2 (baseline) and improved only to 11/15 by day 6.
The recovery patterns for comprehension were also variable and not predictable based on baseline severity. Those with baseline scores <80 made little to no improvement, yet 3 patients with scores >150 made no recovery at all. Only 1 patient achieved a perfect 200/200 at discharge.
Lesion volume was not associated with initial syndrome severity for naming, for FM (r = -0.19, p = 0.350), or for comprehension (r = -0.212, p = 0.532). We excluded the lesion size for patient 29 (640 mm 3 ) because it was >20 SD greater than the next largest volume. As a group, naming deficits were also not correlated with lesion volume. In a subgroup analysis among those with naming deficits, the 5/11 patients who scored 0/15 at baseline and never improved had an average lesion volume of 82.0 mm 3 , whereas the remaining 6 patients, with baseline naming scores ranging from 3 to 11, had lesion volumes of 24.6 mm 3 , a difference that was statistically significant (p = 0.007). The correlation between lesion volume and proportion of FM recovery was not significant (r = -0.30, p = 0.14), as was the case for comprehension (r = -0.25, p = 0.47). Multivariate regression showed that the amount of variance accounted for (r 2 ) by the contributions of initial severity, age, and lesion volume to the proportion of recovery during the acute stroke period for FM, BNT, and WAB were -0.02, 0.25, and 0.05, respectively, none of which was statistically significant.
Discussion
Among hemiparetic and aphasic patients studied daily during the first 7 days after stroke onset, initial impairment, lesion volume, and age were not predictive of the absolute amount or the proportion of their recovery during this period for motor or language deficits. Although those with motor and comprehension deficits improved as groups over the admission period, there was sufficient variation among individuals with comparable levels of initial impairment to preclude a prediction of discharge levels of function. Moreover, few patients achieved what is conventionally described as a complete or near-complete recovery during this period. In general, it has been assumed that recovery follows a roughly positive trajectory during the first week after stroke onset [1] , but our data suggest that the slope of this improvement may be lower and more variable than previously thought. Traditional predictors such as initial syndrome severity, lesion volume, and age did not correlate either with change over time or final performance. Prior studies in stroke recovery have reported the importance of these predictors 90 days after stroke, but their relevance during the first week after stroke had not been explored. Our daily testing with finer-grained instruments during this period made the observation of this interindividual variability possible. Indeed, this study demonstrates the feasibility and importance of daily quantitative testing of motor and language function in the days after stroke onset with a degree of resolution not utilized in the past.
The early variability could be attributed to a number of physiological and clinical factors that coexist during the acute stroke period, such as inflammation [16, 17] , hemorrhagic conversion [18] , perfusion [8] , and pharmacological [19] and psychological factors [20] . Recent views of stroke recovery have cited tissue injury and dysfunction by these and other factors in the first few days after stroke, followed by early structural and metabolic repair, and the upregulation of plasticity mechanisms [21] . However, the intertwined temporal course of neural destructive and neural repair systems in the early period after stroke has yet to be defined. For example, it has been shown that persistent hypoperfusion can last up to several days after stroke onset [22] , while functional MRI evidence of new contralesional activity has been found within 24 h after stroke onset [23] . The variability and minimal improvement found in our data suggest that the dynamic interaction among injury, repair, regeneration, and reorganization probably lasts longer and is less serial than previously thought. These complexities have implications for the timing of poststroke restorative therapies.
Generally speaking, there is consensus that most spontaneous recovery of motor and language function takes place in the first 90 days after stroke onset [1, 24, 25] , with perhaps some potential for later recovery with the use of pharmacological and stimulation-based therapies [26] [27] [28] . In this study, we wished to address the question of the degree to which restoration of function can be expected by the end of the first week, which in part depends on how 'recovery' is defined. A single outcome at one time point reflects a specific level of function or competency on a task and may serve as a therapeutic target. It is not clear, however, how to interpret an outcome that is not near perfect.
We would argue that functional stroke recovery is a biological process in which changes in behavior are driven by repair and adaptation in the brain physiology that occurs in a temporal fashion. An older approach to examining change has been to find the difference between initial and final performance [1] . The analytic limitations in this strategy lie in the ceiling effect among those with mild initial impairment and the greater room for improvement among those with severe deficits, making comparisons difficult. To address this analytic challenge, the notion of proportional recovery emerged by normalizing change across the severity spectrum and determining whether comparable changes over time could be predicted based on initial impairment. We previously found that individuals with mild to moderate initial deficits in motor and language function tended to recover 70% of their potential recovery by 90 days [3, 4] . More recently, it was found that there was little additional change from ∼ 70% from 90 to 120 days [5] . In contrast, those with severe initial motor deficits (upper-extremity FM score ≤ 20) have been less predictable by this model alone. In the present study, the average proportion of recovery at the end of the first week after stroke was less than 1/3 of the potential recovery, with less among those with the mildest and most severe initial language and motor deficits. Based on the expectation of 70% proportional recovery, at least in the groups who were not severe at onset, a significant amount of recovery had yet to take place, perhaps attributable to the unexpected variation across patients. The clinical implication is that the absolute level of function at discharge, the absolute change over this first week, and the proportion of change in this early period provide little predictive power for the expected level of function by the end of 3 months.
There are several limitations of this study. First, we enrolled 34 patients; a larger cohort might have resulted in the establishment of significant differences. Results of analyses, however, did not approach trends in cases of nonsignificance. Despite the relatively small cohort, however, we were able to enroll patients with a wide range of initial impairment, representing the typical spectrum of aphasic and hemiparetic deficits seen in a large stroke service. If anything, we tended to enroll those with moderate to severe deficits. Thus, our ability to make strong inferences regarding recovery patterns among patients with minor deficits was limited. In addition, our enrollment precluded a meaningful comparison of recovery trajectories within individuals who had both aphasia and hemiparesis. Another limitation is that we did not follow these patients to 90 days to confirm empirically the expectation of 70% proportional recovery. Our inferences, however, were based on the prior proportional analysis of >250 patients with hemiparesis and aphasia at stroke onset. We also recognize that there can be dynamic changes in DWI volume (decreasing in size because of reperfusion or expanding because the penumbra can progress to infarction) after we obtained our images at 24-72 h after onset. The strengths of this study include data derived from the prospective, daily assessments of acute stroke patients with well-established quantitative measures of motor and language function, which to date have not been reported.
In conclusion, our cohort study of stroke patients in the first week after onset showed that we do not as yet have good predictors of motor and language recovery during the course of the acute stroke admission. On average, there was little recovery during this period. With, on average, less than 1/3 of the expected proportional recovery occurring during this early period, most improvement will occur after discharge, some time between 1 and 12 weeks after stroke onset, in trajectories that will be further delineated in future research.
